We present the statistical analysis of the properties of gamma-ray bursts with measured host galaxy redshifts and peaked optical light curves in proper frames of reference. The optical transients are classified by comparing the time lag of the optical peak relative to the GRB trigger with the duration of the gamma-ray emission itself. The results of the correlation analysis of all possible pairs of energy, spectral, and temporal characteristics of both gamma-ray and optical emissions are given. We specify the pairs of the parameters with correlation coefficients greater than 50% at significance levels better than 1%. The following empirical relations, obtained for the first time, are specifically discussed: a correlation between the peak optical afterglow R band luminosity and redshift L R ∝ (z + 1) 5.39±0.74 and a correlation between the peak luminosity of the prompt optical emissions and the time of the peak L R ∝ T . We also analyze the similarity of the relationships between the peak optical luminosity and the isotropic equivalent of the total energy of gamma-ray bursts for afterglows (L R ∝ E 1.06±0.22 iso ) and for prompt optical emissions (L R ∝ E
INTRODUCTION
Gamma-ray bursts (GRB) are the brightest transient phenomena in the Universe (the isotropic equivalent of their total energy reaches 10 54 erg). Along with actual bursts, variable sources related to them are also observed in different ranges: radio, infrared, optical, and x-ray. They are less intensive but powerful enough, with luminosities reaching 10 51 erg s −1 . A division of all these manifestations into two types of transients is generally accepted: emission synchronous with gamma-ray (prompt), continuing at least until T 90 (the time till which 90% of the gamma-ray burst energy is released), and the afterglows, usually starting after the burst turns off. The most popular description of their population is a model which combines the inner and outer shock waves produced while the fragments of the relativistic outflow decelerate due to the collisions inside of it (prompt) and while it decelerates in the outer interstellar medium (afterglow) [1, 2] .
Most of the studies are devoted to examining the properties of individual gamma-ray bursts and to attempts of verification of phenomenon models in general. As time has shown, in this approach its self-consistent physical picture is far from being constructed, especially for the optical components of the bursts. It is still unclear whether there occur reverse shock waves, what energy structure does a relativistic jet have, what is the density distribution in the ambient interstellar medium surrounding the burst, etc. In these circumstances, the search for statistical relationships between various parameters of bursts in their subsamples formed according to various criteria and with the minimal use of model representations remains a topical task. In its context, a particularly important role has the analysis of the properties of the sample of gamma-ray bursts with measured redshifts, numbering about 250 objects [3] . This amount of data allows us to perform a statistical analysis of the parameters of gamma-ray bursts in the proper frame of reference, revealing empirical relations between intrinsic physical characteristics [4, 5, 6, 7, 8, 9, 10] . At the same time, similar relations are also analyzed for the optical components of the bursts [11, 12, 13, 14, 15, 16] , the host galaxies [17, 18] , and the characteristics of the local interstellar medium in the GRB progenitors [19] .
The main problem of all such studies is to find an optimum ratio between the object selection criteria and the sample size: the latter decreases for a more rigorous selection, and subsequently the significance of established statistical dependences falls, while the role of selection effects increases. We study the correlations between the parameters of GRBs with measured redshifts and peaked optical light curves. The latter condition isolates a specific physical condition within any given model: deceleration of either the ejecta colliding inside the jet in the case of prompt optical emissions or the ejected matter in the outer interstellar medium. Notice that it is not known in advance which kind of physical processes would determine the occurrence of this peak. The division of objects into subsamples was carried out by comparing the time interval between the beginning of the optical brightness increase and the time of the trigger with the duration of the gamma-ray emission itself (prompt optical emissions, afterglows, and afterglows accompanied by residual gamma-ray radiation), while the identification of the physical type of optical emissions (prompt or afterglow) stems from the statistical analysis of the entire subsample. This way, some objects, initially classified as the prompt optical emissions were subsequently found to be close to the afterglows by their statistical properties. Notice that the use of a sample of GRBs with known redshifts for the statistical analysis allows us to pose the problem of the cosmological evolution of the properties of both the bursts themselves and the interstellar medium in the region of their localization. Section 2 of this paper gives the definitions and techniques of obtaining different characteristics of the objects, and describes the methods of statistical analysis of the initial data and the obtained results. Sections 3, 4, 5 discuss some of the most important correlations between the GRB parameters we found: the relationship between the optical luminosity at the light curve peaks and the redshift, between the optical luminosity and the burst energy in the gamma-ray range, and between the luminosity and the time of the peak. Section 6 briefly summarizes the results obtained.
THE GRB SAMPLE
Fifty-four gamma-ray bursts with known redshifts and peaked optical light curves were selected for the analysis. The time dependences of the detected radiation flux both in the gamma-ray and optical (in stellar magnitudes) ranges served as the data sources for determining GRB parameters. In the latter case, these are, as a rule, the light curves in the R band, R(t), sometimes with modified filters, r (t), R C (t), and r(t), in one case in the V band (GRB 050730), and in two cases in the white light (GRB 100906A and GRB 080810). With the use of calibrations from [20] , spectral flux densities in the respective F ν bands in the observer's reference frame were found. The F ν values were converted into the spectral flux densities F R at the effective R-band wavelength in the proper frame of reference. If there were no data on the optical spectral index β, F ν ∝ ν −β , the mean value β = 0.75 [21] for GRB optical components was used, and the following values were determined: the flux in the observer's frame of reference
where ν 1 and ν 2 are the frequency boundaries of a photometric band in the observer's frame of reference; the integral optical flux S opt (the result of numerical integration of F opt (t) over time); the time of the optical peak relative to the trigger time of a gamma-ray burst t peak ; the increase and decrease indices of the optical radiation intensity, F opt ∝ t αr , F opt ∝ t α d . The parameters of the gamma-ray emissionthe peak F iso and integral S iso fluxes in the range of 15-350 keV, the time of the release of 90% of the GRB energy t 90 , and the spectral index of the energy distribution α-were adopted from Butler et al. [22] . Table 1 lists the data on the gamma-ray bursts and their parameters in the observer's frame of reference. Taking into account the extinction in the Galaxy [23] , the brightness of the host galaxy (if available), and the extinction in it, the following GRB parameters were determined for the standard cosmological model with Ω M = 0.3, Ω Λ = 0.7, H 0 = 70 km s −1 Mpc −1 in the proper frame of reference: the maximal optical R band luminosity
where ν R 0 and ν R 1 are the frequency boundaries of the standard R band, and D is the photometric distance; the total optical energy E R for the same range (the time integral of L R (t)); the time-related parameters T peak , T 90 taking into account cosmological contraction. The isotropic equivalent of the gamma-ray burst energy in the extended range of 1-10 000 keV E iso was adopted from [22] , the peak luminosity L iso was derived from F iso as
If the extinction A R in the host galaxy was not measured, then based on the data on A V for 76 bursts from [13] , we determined the average of these values at a corresponding redshift and transformed them into A R using the model of extinction in the Magellanic Clouds [24] . The data on the parameters of the gamma-ray bursts in the proper frame of reference are presented in Table 2 .
All the optical transients have been classified into one of four following types based on the ratio between the duration of gamma-ray emission itself and the lag of the beginning of the optical brightness increase relative to the time of the trigger.
• P (prompt); thirteen optical transients are classified here whose brightness begins to increase before the attenuation of gamma-ray radiation. This type includes four events, referred to as P?, whose belonging to P is ambiguous; they may belong to the A(U) type (see below).
• A (afterglow); 34 transients whose brightness begins to increase after the gamma-ray activity is ended.
• A(U; seven transients whose brightness is increasing in the presence of underlying residual gammaray radiation after 90% of the total burst energy is released.
For the statistical analysis, seven samples were formed containing the following types of objects:
(1) P and P?-type transients; Unweighted Pearson correlation coefficients R and their significance levels SL were determined between all possible pairs of GRB parameters x and y from these samples by the formulas
wherex andȳ are the average values of x and y, Γ is the Euler gamma function, n is the number of points (x i , y i ). Correlations between the parameters with R > 0.50 and the significance levels of SL < 1% were assumed to be significant, and the linear regression coefficients were then determined for these parameters (Table 3) .
Among all the correlation relationships established in this study, the L R : (z + 1) dependence (Fig. 1) , discovered for the first time, in our opinion presents the greatest interest. In particular, its presence leads to the concept of probable cosmological evolution of the local interstellar medium in the gammaray burst birthplaces. Notice that this correlation is highly significant for all object types except for the P-type sample objects, which is corroborating evidence that P?-type transients belong to afterglows (A and A(U)-type objects, whose characteristics virtually coincide in the discussed correlation). To be completely confident that the discovered correlation is real, the possible role of selection effects in its occurrence has to be analyzed. Notice that to determine the effect of selection on the parameters of the bursts in the samples of different types, it is first of all necessary to examine the whole set of brightness estimates for optical companions of the bursts at the time of their discovery. To this end, we built the dependences of the observed magnitudes on (z + 1) of optical companions at the times of their discovery and the light curve peak (Fig. 2) . Based on the data of Figs. 1 and 2, the following conclusions can be formulated. Given a relatively equal luminosity at different redshifts in the proper reference frames, the observed flux should drop quadratically with (z + 1), and therewith at maximum redshifts reach the typical detection limit at around 23 m , estimated in our sample from the total light curves. This effect would lead to a lack of low-luminosity objects in the proper frame of reference, whose observed brightness is fainter than 23 m , and as a consequence, to a luminosity increase with growing redshift. Nevertheless, no regular radiation flux decrease is observed either in the whole set of brightness estimates for optical transients at the moment of their detection or in the peak brightness. On the other hand, both at z > 4 and z < 2 the brightness of objects varies within close limits from 19 m -20 m to 13 m -14 m , by far exceeding the detection limit of 23 m . In other words, the selection by brightness is absent in our data. We compared the correlation coefficients and linear regression parameters for the group of transients from the A + A(U) + P? sample, localized in different redshift ranges (Table 4) . It is easy to see that even if we exclude the transients with z > 4.5 and z < 1, the luminosity increase with increasing redshift remains detectable and significant. Clearly, if we narrow the redshift range, the correlation coefficients decrease, but nevertheless the linear regression parameters for different groups of transients remain the same within their errors; in particular, the exponents are close to 4-5.
Thus, this brief analysis shows that the observed correlation may not be due to the effects of observational selection of optical transients by their brightness.
To determine the statistical significance of the discovered correlation, we generated a sample of 100 000 optical transients normally distributed by L R with the average log L R = 46, σ = 2 in the logarithmic scale [25] (i.e., with luminosities independent of redshift). The extinctions (Galactic and from the host galaxy) were taken to be 0 < A R < 3, and the optical spectrum indices 0.2 < β < 1.2. The A R and β limits were adopted from the observations [13] , the distribution was taken to be uniform -the changes of distribution functions had little effect on the result. Redshifts z in the range of 0 < z < 6 were randomly assigned to the transients. From this general population we randomly selected subsamples of 50 transients each (2000 subsamples) with the observed brightness exceeding 23 m , determined using the luminosity and other above-mentioned parameters. The coefficient of correlation between luminosity and redshift was calculated for each sample. Its value exceeded the 0.7 level only in two cases; in other words, the probability of type I error (of finding a correlation in a random sample of transients when it doesn't exist in the general population) is 10 −3 . To estimate the probability of error of the second kind, a general population was generated which differed from the previous one by the set law L R ∝ (1 + z) 4 . The correlation coefficient proved to be less than 0.8 in only one sub-sample, which gives the 5 × 10 −4 for the probability of type II error (to miss the correlation when it exists in the general population). Ultimately, the luminosity increase in the afterglow light curve peaks with growing GRB redshift appears to be a real effect. It apparently reflects the fact of cosmological evolution of the interstellar medium density in the regions of GRB birth [26] . Indeed, the results of the correlation and regression analysis (see Fig. 1 ) show that the relation L R : (z + 1) holds for all types of optical transients (samples A, A + A(U), A + A(U) + P?) except for the prompt ones (P) (the correlation substantially decreases when they are added to the afterglows). On the other hand, the P?-type objects can be, with a greater confidence, classified as afterglows, and not as prompt emissions, since the characteristics of the A + A(U) + P? object sample, to which they belong, are virtually identical to those for the afterglow samples A and A + A(U), where they are missing. Moreover, there isAcknowledgements reason to believe that only four (out of nine) brightest cases of prompt optical emissions, which have no relation to the correlation L R : (z + 1), are true prompt emissions whose optical radiation is generated at the stage of internal shock wave collisions near the central engine of the gamma-ray burst, and is not susceptible to the interstellar medium. This is their difference from the remaining five transients of the P sample, whose luminosity-redshift dependence is almost identical to that of the afterglows. Thus, we can assume that there is a group of gamma-ray bursts, whose prompt optical emissions, synchronous with gamma-ray emission, are in fact afterglows by their nature, i.e., the result of the interaction of the jet with the local interstellar medium. In other words, this synchronicity by itself is not a sufficient condition to interpret the prompt optical emission within the model of internal shock waves generated in the collisions of individual ejecta in the jet itself. Quite strong correlation of the energy and peak luminosity of GRBs with redshift E iso : (z + 1) and L iso : (z + 1) (Figs. 3 and 4) in the objects of the same samples gives evidence for this assumption. Naturally, these relationships get stronger if we include in the sample five transients of prompt optical emission, whose correlation and regression properties are virtually identical to those for the afterglows A + A(U) + P?. Notice that this correlation is remarkably more significant than the weak relationship found for the full sample of GRBs with measured redshifts (R = 0.44) [27] , usually explained by the selective properties of Swift's main detector (reduction by the observed flux). Finally, let us point out yet another feature of "true" bursts, the brightest events whose characteristics do not depend on redshift: these objects have no peaks in optical afterglows, i.e., their optical brightness decreases quite monotonically after the peak, coinciding with the gamma-ray burst. This behavior can be interpreted in the context of the above reasons as the attenuation of the radiation emitted by the expelled jet material spreading in the space where a powerful explosion of the central engine has swept out the interstellar gas. log(1+z) Figure 3 : Dependence of E iso on redshift z.
With great probability the L R : (z+1) correlation for afterglows is related to the evolution of the density of the local interstellar medium, the regions of active star formation in the host galaxies of gamma-ray bursts, on scales of 0 < z < 6. The density of interstellar medium determines the character of deceleration of the front shock wave responsible for the late optical emission, namely, the luminosity in the denser media is higher [28] .
The absence of peaked afterglows in some of powerful GRBs accompanied by the prompt optical emission is, apparently, evidence of certain differences in their physical natures compared to the other events, especially as, their luminosities do not correlate with redshifts (they drop out of the discovered dependencies). In combination with the fact that the other prompt optical emissions (two orders of magnitude lower by the isotropic equivalent of optical energy E R ) do not alter the correlations obtained, this leads to the idea of specific high-energy sources of gamma-ray bursts, not "feeling" the interstellar medium. On the other hand, it can be assumed that there are sometimes prompt optical emissions and even gamma-ray emissions (!), susceptible to the interstellar medium during and shortly after the explosion of the central engine.
L R : E iso CORRELATION
We have found the correlation between the luminosity at the optical brightness peak and the energy of gamma-ray radiation almost for all the transient samples (Fig. 5) . In particular, for the afterglows (A) it has the form of L R ∝ E
1.06±0.22 iso
, almost coinciding with the dependence L peak R ∝ E 1.00±0.14 iso , earlier obtained in [29] . Such a ratio is typical in the models of deceleration of the front shock wave in the interstellar medium. Let us analyze to what variant of this process does our result correspond.
Consider two regions of the synchrotron spectrum in which the peak of the optical brightness curve can be located [30] . If the characteristic radiation frequency is lower than the characteristic electron cooling frequency ν i < ν c , then the optical spectral index β = p − 1 2 , where p is the spectral index of emitting electrons N ∝ −p , 2 < p < 3 [31] , and 0.5 < β < 1; yet if ν i > ν c , then β = p 2 and 1 < β < 1.5. At the same time, the observations give β < 1 [18] with the mean β = 0.75, whence it follows that the radiation frequency is lower than the frequency of cooling. Let us now analyze the L peak ∝ E δ iso correlation for this case, i.e., at ν i < ν c [32] . (1 To determine δ, let us use the 0 < k < 1.5 and 2 < p < 3.5 estimates obtained in [29] Given the optically thin plasma, the linear dependence of luminosity on energy (δ = 1), which is close to that we have obtained, can be realized only by the propagation of shock waves in a homogeneous environment, whereas the possibility of its existence around a gamma-ray burst seems improbable. Given the optically thick plasma, the limits on δ both for the forward 0.95 < δ < 1.625 and the reverse 0.725 < δ < 2.5 shocks are consistent with our estimate. Thus, this analysis shows that the afterglow radiation in the GRB sample with peaked optical light curves can be related both to the forward and reverse shock waves. Notice that the parameters of the linear regression L R : E iso for the transients from all the samples are very similar within the errors (see Fig. 4 ). To refine this result, we present in Fig. 6 the dependence of the coefficient of transformation of mechanical energy into optical κ = L R /E iso on the gamma-ray energy. It is clear that this ratio depends both on the actual efficiency coefficient of the conversion of the mechanical energy of the burst into radiation and on the opening angle of the jet. It is easy to see that the behavior of this characteristic is very similar for different transients. It may give evidence on the existence of a relation between the real conversion coefficient and the opening angle of the jet, which permits equal κ in the regions where the radiation of prompt emissions and afterglows is generated, i.e., at different distances from the central engine. Figure 6: Dependence of the L R /E iso ratio on E iso .
L R : T peak CORRELATION
The study of the character of the correlation between the normalized optical flux and the time of the peak relative to the time of GRB detection F z=z 0 ∝ t −γ peak may clarify various aspects of the physical nature of these objects. Such studies as [33, 21] are devoted to the analysis of this correlation. We believe that a significant disadvantage of these studies is that the examined transients were not divided by their possible origin: prompt emissions, afterglows, and very late emissions were not identified.
In particular, in the latter case, when the peak is reached at T peak > 10 4 s, increasing brightness on such time scales is due to the inhomogeneities of the interstellar medium in the propagation of the front shock wave [34] , in contrast to the nature of the peaks of prompt emissions and afterglows. In our sample, we have observed an anticorrelation between the optical luminosity at the peak and the time of the peak; however, only for the prompt emissions (P + P?) this correlation is characterized by γ = 3.85 ± 1.22 (Fig. 7) . The studies [33] and [21] found that γ = 2 for all the peaked light curves and γ = 1 for the light curves with a flat region. It appears that this result is of random nature, caused by the presence of prompt emissions in the sample, for which the "luminosity-time of the peak" relationship is indeed valid, as well as several weak late emissions, creating the long-base effect. Let us prove this. Figure 8 demonstrates the points of the F z=2 : t peak diagram from [21] , divided according to our classification . The Pearson correlation coefficient for all transients from [21] R = −0.77, but if Figure 7: Dependence of the R band peak optical luminosity L R on the time of the peak T peak .
we exclude the P and P?-type emissions, as well as emissions with t peak > 10 4 s from this sample, the correlation disappears (R = −0.44). To compare our sample with the sample of Panaitescu et al. [21] , we have also included the data that the latter work lacked, which further strengthen the assertion about the absence of this correlation for afterglows. The empirical correlation that we found between the peak luminosity and the time of the peak for the prompt emissions can be interpreted within the model of multiple collisions of plasma ejecta [2] : every event of such a collision generates a single peak, one or a few of which we observe. This process may have a relaxing character: the subsequent warming up events in the collisions of the emitting plasma are less energetic, which qualitatively explains the L R ∝ T −3.85±1.22 peak correlation that we have found.
CONCLUSION
The number of gamma-ray bursts observed to date is great, but we are still very far from getting a thorough understanding of the nature of this phenomenon. In our work we attempted to reveal new properties of gamma-ray bursts with optical components. The results of the study can be briefly summarized as follows.
• Pair correlations between the parameters of gamma-ray bursts in the observed and proper reference frames have been studied, and the statistically significant cases have been identified.
• A correlation has been found, free from selection effects, between the peak luminosity in the Figure 8: Dependence of the peak flux at z = 2 on the time of the peak. The filled symbols mark the data common between our work and Panaitescu et al. [21] ; the empty symbols represent the data included in our work and absent in [21] ; the crosses denote the data missing in our paper and included in [21] (the asterisks are the objects with t peak > 10 4 s).
standard R band and the redshift.
• A step was made to rethink the previously found correlation between the peak luminosity and the time of the peak in the optical light curve: we demonstrate that such a correlation is typical only for prompt optical emissions.
• A hypothesis has been put forward on the presence of a correlation between the efficiency of conversion of the mechanical energy of the relativistic jet into optical radiation and the jet opening angle, providing the similarity of the correlations of optical luminosity and gamma-ray energy for sources differently localized in the jet. 
